We performed molecular dynamics simulations and theoretical analysis of nanoparticle pulling off from adhesive substrates. Our theoretical model of nanoparticle detachment is based on the Kramers' solution of the stochastic barrier crossing in effective one-dimensional potential well. The activation energy, E, for nanoparticle detachment first decreases linearly with increasing the magnitude of the applied force, f, then it follows a power law E ∝ (f * − f) 3/2 as magnitude of the pulling force f approaches a critical detachment force value, f * . These two different regimes in activation energy dependence on magnitude of the applied force are confirmed by analyzing nanoparticle detachment in effective one-dimensional potential obtained by weighted histogram analysis method. Simulations show that detachment of nanoparticle proceeds through neck formation such that magnitude of the activation energy is determined by balancing surface energy of the neck connecting particle to a substrate with elastic energy of nanoparticle deformation. In this regime the activation energy at zero applied force, E 0 , for nanoparticle with radius, R p , shear modulus, G, surface energy, γ p , and work of adhesion, W, is a universal function of the dimensionless parameter δ ∝ γ p W −2/3 (GR p ) −1/3 . Simulation data are described by a scaling function
I. INTRODUCTION
Adhesion and contact phenomena play an important role in colloidal science, tribology, pharmaceutical science and technology, biophysics, and biochemistry. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] They provide us with the understanding of mechanisms for friction between surfaces, 7 adhesion and deformation of cells, 11, [13] [14] [15] [16] liposomes, micro and nanocapsules. 14, 17, 18 The classical approach to these problems is based on the Johnson, Kendall, and Roberts (JKR) 19 and the Derjaugin, Muller, and Toporov (DMT), 20 theories of the adhesive contact between two elastic bodies. In the framework of these theories, the dispersion (van der Waals) forces and elastic deformation of two bodies in contact are the main factors determining their contact area. At equilibrium the strain energy release rate is equal to the work of adhesion, W. 3 The pulling off of the particle from a substrate occurs at critical pulling (detachment) force, f * , which magnitude depends on the work of adhesion, W, and particle size R p . Note, that the values of the critical detachment force, f * , in the JKR and DMT theories are different only by a numerical coefficient and equal to 1.5π WR p and 2π WR p , respectively. For the forces larger than the critical pulling force the solution with finite contact area is mechanically unstable. Crossover between these two asymptotic regimes was studied in detail by Maugis. 21 Viscoelastic materials such as polymers close to the glass transition temperature demonstrate loading rate dependence of the critical detachment force. 3, 4, [22] [23] [24] [25] Macroscopic theories of kinetics of the adhesive contact consider that the rate dependent energy dissipation during pulling off may occur in the cohesive zone (outside region of the physical contact) or in the contact zone. 23, 26 In the first case, the energy dissipation occurs at a crack tip as it propagates along the interface separating two bodies in contact. 27, 28 This energy dissipation depends on the crack propagation velocity and viscoelastic properties of the materials (i.e., proximity to glass transition temperature for polymeric materials) and manifests itself in renormalization of the work of adhesion making it a function of the loading/unloading rate. 22, 23, 29 In the second case, the energy dissipation is due to stress relaxation within the contact zone and can be accounted for by considering a time dependent material modulus resulting in time dependent stressstrain relation in a contact zone. 3, [30] [31] [32] Microscopic approach to kinetics (dynamics) of adhesive contact is based on the Bell's model which considers detachment process as evolution of a cluster of adhesion bonds under external load. 33 Kinetics of individual bond is described in the frameworks of the Kramers' theory 34 (see for review Refs. 35 and 36) of the stochastic (diffusive) barrier crossing of the effective free energy surface such that each bond can resist loading force only for a period of time required for its dissociation under thermal activation. 33, [37] [38] [39] [40] [41] [42] [43] [44] Bond life time depends on a particular form of the effective interaction potential (effective free energy surface) characterizing the adhesive contact -activation energy barrier and its dependence on the applied external force. Rupture of an adhesion bond results in redistribution of the loading force between remaining (active) adhesion bonds. Finally, detachment is complete when all adhesion bonds are broken. This is probabilistic rather than deterministic description of the adhesion process that provide information about average life time of the adhesion cluster (contact area) and its moments. 33, 45 In this paper, we study dynamics of the nanoparticle pulling off from a substrate and show how nanoparticle adhesion energy W, shear modulus G, surface energy γ p , and nanoparticle size R p influence the nanoparticle activation energy and detachment (escape) time. We apply Kramers' rate theory 33, 34, 37 to calculate characteristic detachment time and activation energy as a function of the pulling off force, f, in the force interval f < f * . The analytical results for detachment time dependence for pulling off force, f, on the order of and larger than the critical pull off force, f * , are compared with molecular dynamics simulation results.
II. MECHANICAL STABILITY AND ESCAPE TIME
We begin our discussion by deriving a stability condition for nanoparticle adhesion to a substrate under applied pulling force, f. Our recent molecular dynamics simulations have shown that during detachment process nanoparticle undergoes a continuous shape transformation with increasing the magnitude of the applied force. 46 A typical shape of the deformed nanoparticle is shown in Figure 1 . We will approximate shape of the deformed nanoparticle by a spherical cap connected to a substrate by a cylindrical neck (see Figure 1 ). Since deformation of nanoparticle occurs at constant volume we can describe shape of the deformed nanoparticle with the initial radius R p by nanoparticle contact radius a and nanoparticle height deformation h (see Figure 1 ). Due to constant volume constraint the height of the neck connecting nanoparticle to a substrate is related to these parameters as h n ≈ a 2 /2R p − h (see Ref. 46 for details). In this approximation, the change in free energy of nanoparticle upon deformation is written as follows:
The first term on the rhs of Eq. (1) corresponds to contribution due to pulling force, f. In writing this term we assumed that the pulling force is pointing along the normal away from the substrate. The second term describes contribution from long-range van der Waals interactions between substrate and deformed nanoparticle where W is the work of adhesion between nanoparticle and substrate. Two terms in the curled brackets represent increase in the surface energy of the deformed nanoparticle with interfacial tension γ p with respect to the surface energy of the spherical (undeformed) nanoparticle with the original radius R p . Finally, the terms in the square brackets correspond to the elastic energy of the deformed nanoparticle with shear modulus G. To perform analysis of Eq. (1) it is useful to introduce dimensionless variables
where f JKR = 1.5π WR p is the critical JKR-detachment force. 3 In these new variables, the free energy of the deformed nanoparticle is reduced to
where two dimensionless parameters
(4) determine relative strengths of the adhesion, interfacial, and elastic energies. There is a simple physical meaning of the parameters β 1 and δ. The parameter β 1 is proportional to the ratio of the change in the surface energy of spherical cap to the elastic energy of the deformed nanoparticle, while the parameter δ is a ratio of the surface energy of a neck and nanoparticle elastic energy.
The equilibrium values of the contact radius a and height deformation h are obtained by solving simultaneously two equations ∂ F ( ĥ ,â)/∂â = 0 and ∂ F ( ĥ ,â)/∂ ĥ = 0. In dimensionless variables these equations have the following form:
Solving together Eqs. (5) and (6), one obtains expression for an applied force f as a function of the contact radius a,
Note, that Eq. (7) reduces to the classical JKR expression 19 by setting both parameters δ and β 1 to zero. This corresponds to the case when the shape of the deformed particle is determined by balancing elastic energy of particle deformation and its adhesion energy to substrate. In Figure 2 , we plot dependence of the contact radius on the magnitude of the pulling force. For each value of the applied force below the critical value f * , that corresponds to the maximum ∂f/∂a = 0, there are two values of the contact radiusâ. The stable solution is given by the branch on the right from the maximum point where ∂f/∂a < 0. In the interval of the applied forces f > f * there is no stable solution with finite contact radiusâ and nanoparticle is pulled off from the substrate. Thus critical force f * defines a boundary of the stability regime where nanoparticle is adhered to a substrate.
Scaling analysis of Eq. (7) shows, that there are two asymptotic regimes of nanoparticle detachment from a substrate. 46 In the first regime, which corresponds to strongly crosslinked (hard) large nanoparticles, the main contributions to the free energy of the deformed nanoparticle (see Eq. (1) or Eq. (3)) is due to nanoparticle elastic and adhesion energies. In this regime contributions from change in nanoparticle surface energy and surface energy of a neck connecting nanoparticle to a substrate are small in comparison with contributions from adhesion and elastic energies such that both dimensionless parameters β 1 and δ are much smaller than unity. In this interval of parameters, the critical detachment force approaches JKR critical detachment force f * ≈ 1.5πW R p .
3, 19
We call this regime -JKR regime. In the second regime, corresponding to soft small nanoparticles, nanoparticle deformation is determined by the balance of the nanoparticle adhesion and interfacial energies. The magnitude of the critical detachment force is controlled by the balance of the nanoparticle elastic energy, surface energy of the neck, and nanoparticle adhesion energy to a substrate. 46 (Below we refer to this regime as the Necking regime.) In this case the critical detachment force, f * , scales with system parameters as
Note that in obtaining this scaling relation for the critical force we only considered δ 2 term under the square root in Eq. (7). This approximation results inâ * ∝ δ 1/2 . Figure 3 shows surface of the critical detachment forces, that separates attached and detached nanoparticle states, as a function of the ratio of the work of adhesion and nanoparticle surface energy W/γ p and W/GR p .
FIG. 3. Surface of the critical detachment forcesf
The stability analysis presented above corresponds to detachment of macroscopic particles for which mechanical stability determines conditions for pulling off transition. However, for nanoscale size objects the Brownian forces (thermal fluctuations) acting on a particle become important and can drive it from equilibrium. For such systems determination of the critical detachment force requires evaluation of the average escape time (lifetime) of nanoparticle trapped in the free energy landscape (see Figure 4 (a)) under action of the constant external and random forces. The analytical solution of this problem is based on the Kramers' rate theory. 34 The external pulling force alters the activation energy barrier E along the "reaction" pathway (see Figure 4 (a)) that leads to nanoparticle detachment. The starting point of the Kramers' approach 33, 34, 37 is the Langevin equation of motion in a potential well. In our case we can describe nanoparticle center of mass displacement in terms of nanoparticle height deformation h and contact radius a,
along the optimal path going through the lowest point of the potential ridge. (The exact solution of the problem will require a solution of the two-dimensional escape problem over the ridge of the two-dimensional potential well shown in Figure 4 (a).) Note, that contact radius a and nanoparticle height deformation h are not independent variables and are related through equation, a = g( h), describing reaction pathway in ( h, a) plane. Unfortunately, there is no simple analytical form for function g( h) and it has to be found numerically. Taking this into account we can write down the following Langevin equation for the nanoparticle center of mass:
where ξ p is nanoparticle friction coefficient and f R (t) is a random force acting along normal to the surface direction with zero mean, f R (t) , and δ-functional correlations, f R (t)f R (t ) = 2ξ p k B Tδ(t − t ). In accordance with the Kramers' theory the escape time, τ D , is equal to (see Refs. 33-35 and 37) It is important to point out that in the interval of the external forces, f > f * , there is no stable minimum with finite contact radius (see Figure 4 (b)) and motion of nanoparticle along the reaction path become deterministic (detailed discussion of this regime is given in Sec. III).
Activation energy as a function of the applied force is shown in Figure 5 . The value of the activation energy barrier monotonically decreases with increasing magnitude of the applied force resulting in exponential decrease of the nanoparticle residence (escape) time. In small force limit we observe a linear reduction of the activation energy with force magnitude, Ê = 0.13 − 0.16f . This is in an agreement with the well-known result for reduction of the activation energy in the regime of the small applied forces. 33, 37, 38 However, in the vicinity of the critical detachment force, f * , we observe a 3/2 power law dependence of the activation energy on the proximity to the critical detachment force Ê = 0.15(1 −f ) 3/2 . This is an indication that close to the critical detachment force the variation of the free energy along the reaction path can be approximated by a cubic polynomial. 38, 42 In Sec. III, we use molecular dynamics simulations to calculate effective interaction potential of nanoparticle with a substrate and compare simulation results with Kramers' like analysis of nanoparticle escape.
III. MOLECULAR DYNAMICS SIMULATIONS OF NANOPARTICLE DETACHMENT
We performed coarse-grained molecular dynamics simulations 47 of the detachment of spherical nanoparticles from a substrate. Nanoparticles were made by cross-linking polymer chains with the degree of polymerization N = 32 confined into a spherical cavity with size R 0 . The nanoparticle elastic properties (shear modulus) were varied by crosslinking polymer chains at different cross-linking densities. The details of the nanoparticle preparation procedure are described in Ref. 48 .
In our simulations the interactions between monomers forming a nanoparticle were modeled by the truncated-shifted Lennard-Jones (LJ) potential 
where r ij is the distance between ith and jth beads, and σ is the bead (monomer) diameter. The cutoff distance for the polymer-polymer interactions was set to r cut = 2.5σ and the value of the Lennard-Jones interaction parameter was equal to 1.5 k B T. This choice of parameters corresponds to negative value of the second virial coefficient between monomers or poor solvent conditions for the polymer backbone. The connectivity of monomers into polymer chains and cross-link bonds were modeled by the finite extension nonlinear elastic (FENE) potential
with the spring constant k spring = 30 k B T/σ 2 and the maximum bond length R max = 1.5σ . The repulsive part of the bond potential is given by the truncated-shifted LJ potential with r cut = 6 √ 2σ and ε LJ = 1.5 k B T. In our simulations, we have excluded 1-2 LJ-interactions such that monomers connected by a bond only interacted through the bonded potential.
The interaction between nanoparticle and substrate was represented by the external potential
The value of interaction parameter ε w was set to 1. To model the dynamics of nanoparticle detachment we performed constant force simulations. In these simulations, a constant force f z pointing along the positive z-direction was applied to each monomer forming a nanoparticle. Simulations were carried out in a constant number of particles, and temperature ensemble. The constant temperature was maintained by coupling the system to a Langevin thermostat. The equation of motion of the ith monomer with mass m was
where v i (t) is the ith bead velocity, and F i (t) is the net deterministic force acting on the ith bead. √ m/ε LJ . The velocity-Verlet algorithm with a time step t = 0.01τ LJ was used for integration of the equations of motion (Eq. (14)). At the beginning of each simulation run adsorbed on the substrate nanoparticle was equilibrated at zero applied force for 5 × 10 4 τ LJ . This followed by the constant force simulation runs lasting 5 × 10 5 τ LJ . In addition to constant force simulations we have calculated the potential of mean force between nanoparticle and substrate by using the weighted histogram analysis method (WHAM). 50 In these simulations z-coordinate of the center of mass, z cm , of a nanoparticle was tethered to location z * by a harmonic spring
with the value of the spring constant K sp = 100 k B T/σ 2 . During these simulation runs we moved location of the tethering points with increment z * = 0.25σ . For each location of the tethering point, the system was equilibrated for 10 3 τ LJ that followed by a simulation run lasting 4 × 10 3 τ LJ during which we have calculated distribution of the center of mass location for WHAM calculations of the potential of the mean force. All simulations were performed using LAMMPS. 51 We can consider displacement of the nanoparticle center of mass z cm as a "reaction coordinate" along which the effective potential energy
has a form shown in Figure 6 . In Eq. (16), U 0 ( z cm ) is the potential of the mean force calculate from WHAM simulations. One of the characteristic features of the effective potential U 0 ( z cm ) is that nanoparticle in contact with substrate is stable thermodynamic state. The magnitude of the critical detachment force, f * , is determined from the slope ∂ U 0 ( z cm )/∂ z cm of potential of the mean force at the inflection point,
As follows from Figure 6 , at any finite force, 0 < f < f * , a nanoparticle state in contact with substrate is metastable. The height of the activation barrier that nanoparticle has to overcome to escape from substrate monotonically decreasing with increasing magnitude of the applied force f. The barrier completely disappears when the force exceeds a critical detachment force f * . In Figure 7 , we combined our results for activation energy as a function of the applied force. As one can see for all our systems the values of the activation energy in the small force interval are on the order of several hundreds of k B T. This indicates that detachment of nanoparticle from substrate at low pulling forces is a very improbable event.
We can collapse different data sets by normalizing the activation energy, E, by an apparent activation energy E 0 at f = 0 k B T/σ and the applied force by a critical detachment force, f * (see second column of graphs in Figure 7 ). As expected the value of the activation energy first decreases linearly with increasing the magnitude of the applied force, then close to the critical detachment force the activation energy is a power law function, E ∝ (1 − f / f * ) 3/2 . Note that this scaling dependence is the same as one obtained from analysis of the reaction path on two-dimensional free energy landscape. It is worth pointing out that the main difference between twodimensional energy landscape and one-dimensional potential of the mean force is that during calculations of the potential of the mean force the fluctuations of the nanoparticle shape were automatically taken into account which was not the case for our calculations of the activation energy in Sec. II. The agreement between two results points out on the fact that fluctuations do not change value of the exponent for activation energy as a function of applied force, E ∝ (1 − f / f * ) 3/2 , and potential of the mean force can be approximated by a cubic polynomial in the force interval close to the critical detachment force, f * . 33, 37, 38 We can obtain a scaling dependence of the apparent activation energy by taking into account that detachment of nanoparticle along the reaction coordinate occurs at contact radius a on the order of a * . In our previous paper, 46 we showed that the value of the detachment radius scales with the parameter δ in the Necking regime asâ * ∝ δ 1/2 . Substituting expression for the contact radius a * and nanoparticle height deformation ĥ * ∝â * 2 into expression for the system free energy (Eq. (3)) and keeping only leading in parameter δ terms we obtain
Thus normalizing the apparent activation energy by parameter in the rhs of Eq. (17), we should be able to collapse our simulation data. As shown in Figure 8 , simulation data have collapsed into one universal plot, confirming that the activation energy is a universal function of the parameter δ∝ γ p W −2/3 GR p −1/3 . However, for our systems we are in a crossover between JKR and Necking regimes. The scaling function describing simulation data in this range of parameters is f(x) = 64.4 x −3.75 . The large values of the activation energies obtained from the potential of the mean force calculations indicates that we can only perform molecular dynamics simulations of nanoparticle pulled from a substrate with forces on the order of or larger than the critical detachment force. Outside of this force interval the duration of simulation runs will grow exponentially. To illustrate this point, Figure 9 shows time depen- dence of the displacement of the nanoparticle center of mass and number of nanoparticle beads in contact with substrate during nanoparticle pulling off (detachment) process for five different values of the applied constant forces. Nanoparticle trajectories are separated into two distinct groups. The first group represents a nanoparticle that remains attached to the substrate during the entire simulation run, while in the second group of curves a nanoparticle stays only a fraction of time in contact with the substrate then detaches and moves with constant velocity. For the first group of curves the magnitudes of the applied forces are smaller than the value of the critical detachment force f * , while in the second group the applied forces are larger than the critical detachment force f * . It follows from this figure that even for the interval of the applied forces larger than the critical detachment force, f > f * , there is a characteristic residence time required for nanoparticle detachment to occur. This time interval becomes shorter with increasing a magnitude of the applied force.
During the detachment process a nanoparticle undergoes series of shape transformations (see Figure 10) . At the initial stages of this process nanoparticle has a hemispherical shape. As time progresses nanoparticle center of mass moves further away from substrate resulting in nanoparticle elongation and neck formation. With increasing nanoparticle elongation the neck becomes thinner. Finally, neck disappears and nanoparticle breaks contact with a substrate and recovers a spherical shape.
Since our simulations correspond to the Langevin (stochastic) nanoparticle dynamics, the friction coefficient, ξ p , of nanoparticle consisting of N p monomers with monomeric friction coefficient ξ is equal to N p ξ . The escape time τ D in the effective potential U(z) can be estimated as
Equation (18) is reduced to Eq. (10) when the main contributions to the integrals come from the potential maximum and metastable potential minimum (see Figure 6 ). For the large forces, f > f * , Eq. (18) breaks down because in this interval of applied forces contribution from Brownian (stochastic) forces becomes negligible and nanoparticle motion is governed by the deterministic external force, −d U( z cm )/d z cm . In this approximation, the displacement of the nanoparticle center of mass is described by the first order differential equation
Note, that we have omitted the inertia term because our simulations correspond to the Langevin dynamics of nanoparticle for which its contribution is small in comparison with the friction term (see term on the lhs of Eq. (19)). Integration of Eq. (19) results in the following expression for the escape time:
In Figure 11 , we compare results of the integration of Eqs. (18) and (20) with results of the molecular dynamics simulations. The error bars in Figure 11 were obtained by evaluating the residence (detachment) time from ten different simulations of the nanoparticle detachment for each value of the applied force. It follows from this figure that the simulation data and characteristic detachment time obtained from integration of the potential of the mean force converge with increasing the barrier height separating attached and "free" nanoparticle states and far away from the critical detachment force. The largest difference between the two results is observed in the interval of the applied forces f corresponding to a crossover regime where both approximations fail.
To complete the study we have analyzed dependence of the detachment (escape) time, τ D , on the materials properties of nanoparticles (see Figures 12(a)-12(c) ). The detachment time monotonically decreases with increasing magnitude of the applied force f. This behavior was observed for all nanoparticles independent on their cross-linking density and strength of the nanoparticle substrate interactions. Nanoparticle escape time shows a faster increase with decreasing magnitude of the applied force as f approaches a static detachment force f * (see insets in Figures 12(a)-12(c) ). This observation is in agreement with dependence of the effective interaction potential of a nanoparticle with a substrate at different values of the pulling force (see Figure 6 ). For f = 19.0 k B T/σ the potential well located at the substrate is separated by the barrier from a detached nanoparticle state. The height of the barrier is much higher than the thermal energy k B T, therefore, it will require an exponentially long time τ D ∝ exp ( E/k B T) for nanoparticle to escape. At f = f * ≈ 37.9k B T/σ the height of the barrier is on the order of thermal energy k B T. There is no barrier at all when f becomes larger than f * thus nanoparticle escape is controlled by the internal nanoparticle relaxation modes as it is driven away from substrate by a deterministic force. In this regime, we see a weaker dependence of nanoparticle detachment time on the magnitude of the applied force f (see Figures 12(a)-12(c) ).
IV. CONCLUSIONS
We have studied dynamics of nanoparticle detachment from adhesive substrates by using combination of the theoretical calculations and molecular dynamics simulations. In our theoretical approach, we have applied the Kramers' theory of the barrier crossing to describe "motion" of a nanoparticle in a two-dimensional free energy landscape (see Figures 4(a) and 4(b) ). In this approach, the motion of nanoparticle on the free energy surface along the optimal path is an analog of the stochastic motion along the reaction coordinate in the one-dimensional Kramers' problem. 34 There are two different regimes in activation energy dependence on the applied force (see Figure 5 ). In the interval of small force the activation energy decreases linearly with increasing magnitude of the applied force, f. 33, 37 However, in the force range when an applied force approaches the critical detachment force, f * , the activation energy has a power law scaling, E ∝ (f * − f) 3/2 . 38 This power law dependence is manifestation of the fact that close to the detachment force, f * , the variation of the free energy along the reaction coordinate can be approximated by a cubic polynomial. Similar type of behavior was observed in our simulations as well when we used potential of the mean force calculated by WHAM to describe dynamics of nanoparticle detachment and to calculate activation energy for nanoparticle escape (see Figures 7) . In addition our simulations show that the apparent activation energy at zero force, E 0 , is a universal function of the parameter δ ∝ γ p W −2/3 GR p −1/3 (see Figure 8 ). It monotonically decreases as the value of the parameter δ increases,
p G −3/2 δ −3.75 . The observed universality provides additional proof for dominant role of the neck formation and elongation mechanism during nanoparticle detachment (see also evolution of the nanoparticle shapes during detachment from a substrate shown in Figure 10 ).
The direct molecular dynamics simulations of the nanoparticle pulling off show that detachment (escape) time increases with decreasing magnitude of the pulling force, f (see Figure 11) . The fastest increase of the detachment time is observed when the value of the applied force becomes smaller than the value of the critical detachment force f * . In this interval of the applied forces, f < f * , the potential barrier separating adsorbed and detached nanoparticle states becomes larger than the thermal energy k B T (see Figure 7) . Furthermore, the nanoparticle detachment time obtained from molecular dynamics simulations and one calculated by numerical integration of the potential of the mean force (see Eq. (18)) converge as pulling force decreases below the critical detachment force. The largest difference between two results is observed in the crossover regime where the pulling force is on the order of the critical detachment force, f * . This interval of the applied forces corresponds to crossover between stochastic and deterministic nanoparticle dynamics. It also follows from our simulations that the detachment time increases with increasing the strength of the nanoparticle substrate interactions and nanoparticle size (see Figures 12(a)-12(c) ). This should not be surprising since both these parameters lead to increase of the nanoparticle attraction to a substrate and increase of the activation energy.
We hope that our results will inspire experimental studies of nanoparticle detachment and will provide experimental verification of applicability of the Kramers' approach 34 to this problem. Such experiments could also highlight similarities between adhesion of biological molecules 37, 41, 43 and cells 33, 52 and nanoscale size objects.
